Through 12 C + 197 Au collisions at √ sNN = 200 GeV using a multiphase transport (AMPT) model, the azimuthal angle dependences of the Hanbury Brown-Twiss (HBT) radii relative to the second-and third-order participant plane from π-π correlations are discussed. Three initial geometric configurations of 12 C, namely three-α-cluster triangle, three-α-cluster chain and Woods-Saxon distribution of nucleons, are taken into account, and their effects on the correlations are investigated. The ratio of the third-to the second-order HBT radii R 2 o(s),3 /R 2 o(s),2 is shown to be a clear probe for three configurations. In addition, this work presents the hadronic rescattering time evolution of the azimuthally dependent HBT radii. From the present study, one can learn that the HBT correlation from identical particles at freeze-out is able to provide the information of different initial configurations as collective flow proposed before.
I. INTRODUCTION
Clustering, which could exist extensively in the ground and excited states of N = Z nuclei and nuclei far from the β stability line, is a fundamental physics aspect in light nuclei. A great number of detailed studies have been focused on clustering for more than 50 years [1, 2] . α cluster, proposed by Gamow [3] , is the most basic object and plays a critical role in light nuclei clustering due to its high stability and the strong repulsive α-α interaction [2] . In order to explain the excited states of α-conjugate nuclei (e.g., 12 C and 16 O), which cannot be described by the shell model, Ikeda and his collaborators proposed an α-clustering diagram in 1968 [4] , suggesting that these states could be associated with configurations composed of α particles and predicting that cluster structures could be mainly found close to cluster decay thresholds, which was verified experimentally later on. In general, the α-conjugate light nuclei are expected to experience a transition in which nucleons condense into α particles [5] , and then they are either in an α-gas or an α-particle Bose-Einstein condensate [6] as the density decreases, which will considerably change the nuclear equation of state [7] [8] [9] [10] .
In the last several decades, numerous complex cluster structures composed of α particles in α-conjugate nuclei have been found, among which the 12 C nucleus is of particular interest. For instance, the Hoyle state in 12 C at 7.65 MeV, whose existence is essential for the nucleosynthesis of carbon via the triple-α process [11] , is believed to be formed out of α clusters according to the calculations from different models, however, its specific configuration or property of clusters is still arguable. Configuration of α clusters is a key problem to understand the clustering in light nuclei [2, 12, 13] , therefore, * Email: Corresponding author. song zhang@fudan.edu.cn † Email: Corresponding author. mayugang@fudan.edu.cn further research and new methods are certainly of great interest.
Recently, He and Ma et al. found that the giant dipole resonance (GDR) spectrum was highly fragmented into several apparent peaks due to the α-clustering structure, which demonstrated an effective probe to discriminate the different α-clustering configurations in light nuclei [14, 15] . Also, the collective flows at Fermi energy [16, 17] , the neutron and proton emission from photon induced reactions in quasideuteron regime [18, 19] can also be taken as useful probes of clustering structure from an-extended-quantum-moleculardynamics-model calculations. While, Broniowski et al. proposed that through relativistic heavy-ion collision, such as 12 C + 208 Pb collision, collective flow can be the signature of α-clustering in light nuclei in their ground state, which offers a possibility of studying low-energy nuclear structure phenomena with observables in relativistic heavy-ion collisions [20, 21] . In our previous work, the initial geometry effect on elliptic and triangular flows as well as global rotation has been studied in 12 C + 197 Au collisions at √ s N N = 200 GeV and 10 GeV [22] [23] [24] . It is expected that the shape of the created fireball in the transverse plane reflects the initial geometry of the light nucleus, because at ultrahigh collision energies, where nucleon-nucleon inelastic collisions produce abundant particles, the interaction time is short enough to prevent the much slower nuclear excitations. In this work, we further argue the feasibility of another observable, namely the Hanbury Brown-Twiss (HBT) radii of π-π correlation as an effective probe of α-clustering in light nuclei. As a specific example we present a study of 12 C + 197 Au collisions at √ s N N = 200 GeV, and the configuration of 12 C includes triangular and linear 3-α-cluster structures as well as the spherical nucleon distribution.
In ultra-relativistic heavy-ion collisions at BNL-RHIC and CERN-LHC, the quark-gluon plasma (QGP) is believed to be created [25] [26] [27] [28] [29] [30] [31] [32] . Studying the properties of QGP is one of the main goals of these experiments. Detailed experimentally driven understanding of the freeze-out configuration is the crucial first step to learn the system evolution and the physics of hot dense quark-gluon matter. For example, a detailed understanding of the space-time geometry and dynamics of fireball is required. Because of the short lifetime and extension of the source, two-particle intensity interferometry, or the socalled HBT method, provides a unique way to obtain direct information about the space-time structure from the measured particle momenta.
Two-particle intensity interferometry was proposed and developed by Hanbury Brown and Twiss in the 1950s, who used two-photon intensity interferometry to measure the angular diameter of Sirius and other astronomical objects [33, 34] . In particle physics, this effect was discovered by Goldhaber et al. in 1960 when they studied the angular correlations between identical pions in proton-antiproton collisions. They observed an enhancement of two-pion correlation function at small relative momenta and explained this effect (GGLP effect) in terms of the Bose-Einstein statistics [35] . Later, it was gradually realized that the correlations of identical particles were sensitive not only to the geometry of the source, but also to its lifetime [36, 37] , and even that the pair momentum dependence of the correlations contained information about the collision dynamics [38, 39] . Other important progress included a more detailed analysis of the effect of final state interactions [40] [41] [42] , the development of a parametrization considering the longitudinal expansion of the source [39] and the implementation of the HBT effect in prescriptions for event generator studies [43] . Throughout the last decades, the HBT method has been extensively applied in heavy-ion collisions, see e.g. [44] [45] [46] [47] [48] [49] .
On the other hand, in order to understand the extensive experimental results of different observables, many theoretical models were introduced, ranging from thermal models [50] [51] [52] , hydrodynamic models [53] [54] [55] to transport models [56] [57] [58] . Simulations of the space-time evolution of relativistic heavy-ion collisions have been performed extensively with hydrodynamic models, transport models, and hybrid models that combine a hydrodynamic model with a transport model [59] [60] [61] [62] [63] . Many observables such as azimuthal anisotropies have been successfully described by all three types of models in spite of the different physics foundations and assumptions.
In this paper, we simulate the high-energy 12 C + 197 Au collisions and discuss the influences of initial geometry on the observables at freeze-out stage using a multiphase transport (AMPT) model [57] . The article is arranged as follows: in Sect. II the AMPT Model and algorithm introduction for 12 C initialization are described. HBT correlation function and participant plane are introduced in Sect. III. Results and discussion for the effect of cluster configuration on the second-and third-order HBT radii as well as eccentricities are then presented in Sect. IV. Finally, a summary is given in Sect. V. INTRODUCTION
The AMPT model is a successful model for studying reaction dynamics in relativistic heavy-ion collisions, consisting of four main components: the initial conditions, partonic interactions, hadronization and hadronic interactions. There are two versions of the AMPT model: the default version and the string melting version.
The phase-space distributions of minijet partons and soft string excitations are initialized by the heavy ion jet interaction generator (HIJING) model [64] . Scatterings among partons are modeled by Zhang's parton cascade (ZPC) [65] . In the default version, minijet partons are recombined with the parent strings to form new excited strings after partonic interactions. Hadronization of these strings is described by the Lund string fragmentation model [66] . In the version of string melting, both excited strings and minijet partons are decomposed into partons, whose evolution in time and space is modeled by the ZPC model. After partons stop interacting with each other, they are converted to hadrons via a simple quark coalescence model. In both versions, the interactions of the subsequent hadrons are described by a hadronic cascade, which is based on a relativistic transport (ART) model [67] . The default AMPT model is able to give a reasonable description of the rapidity distributions and p T spectra in heavyion collisions from CERN Super Proton Synchrotron (SPS) to RHIC energies. However, it underestimates the elliptic flow observed at RHIC, and the reason is that most of the energy produced in the overlap volume of heavy-ion collisions is in hadronic strings and thus not included in the parton cascade in the model [68] . The string melting AMPT model is employed in this calculation and the hadronic rescattering time is set as different time, namely 30 fm/c, 7 fm/c and zero (with resonance decay but without hadronic rescattering) for the small colliding system relative to 197 Au+ 197 Au collision.
Several theoretical predictions have been made on αclustering configuration of 12 C. For an example, a trianglelike configuration is predicted around the ground state by Fermionic molecular dynamics [69] , antisymmetrized molecular dynamics [70] , and covariant density functional theory [71] , which is experimentally supported [72] . A three-α linear-chain configuration is predicted as an excited state in time-dependent Hartree-Fock theory [73] and other different approaches [74] . Together with the situation of Woods-Saxon (W-S) distribution, we initialize the configurations of 12 C by these three cases in HIJING process. Fig. 1 shows the participant nucleon distributions of 12 C + 197 Au central collisions for these three cases. The initial nucleon distribution in 12 C is configured as (a) nucleons in Woods-Saxon distribution from the HIJING model [64] , (b) three α clusters in triangle structure, and (c) three α clusters in chain structure. The distribution of the radial center of the α clusters in 12 C is assumed to be a Gaussian function, e to match the measured value of the rms nuclear charge radius of 12 C. For triangle structure, r c = 1.79 fm and σ rc = 0.1 fm. For chain structure, r c = 2.19 fm, σ rc = 0.1 fm for two α clusters and the other one is at the center of 12 C.
Once the radial center of the α cluster is determined, the centers of the three clusters will be placed in an equilateral triangle for triangle structure or in a line for chain structure.
From the parameters and initialization, we obtain that the rms radius R(WS) ≈ 2. 46 
III. HBT CORRELATION FUNCTION
The identical two-particle HBT correlation function without final state interactions, defined as the ratio of the twoparticle probability divided by the product of the singleparticle probabilities, can be written as [76] 
where K is the average momentum of two particles, K = 1 2 (p 1 + p 2 ), q is the relative momentum between two particles, q = p 1 − p 2 , and S(x, K) is the emission function. The positive sign is for bosons and the negative one is for fermions. With the mass-shell constraint q · K = 0, the temporal component q 0 in the four-dimensional Fourier transform is substituted with β = K K0 . And, both smoothness approximation and on-shell approximation are used. With the assumption of Gaussian source, the correlation function will also take a Gaussian form. Further, in order to obtain information of the source in the beam and transverse directions, Cartesian or Bertsch-Pratt parametrization is taken. In this parametrization, the relative momentum vector of the pair q is decomposed into a longitudinal direction along the beam axis, q l , an outward direction parallel to the pair transverse momentum, q o , and a sideward direction perpendicular to those two, q s . Therefore, the correlation function can be expressed as [38, 77, 78] 
where λ is coherence parameter. It should be unity for a fully chaotic source and smaller than unity for a partially coherent source, although in practice many other effects, e.g. particle misidentification, resonance decay contributions and final state Coulomb interactions, can decrease the measured λ significantly. After taking the notation,
the explicit azimuthal angle dependence of the HBT radii can be seen from [79] ,
where Y = 1 2 ln( EK +K l EK −K l ), β ⊥ = K T /K 0 , and K 0 ≈ E K . The other terms of the HBT radii will not be studied in this work and the expression can also be found in reference [79] .
In heavy-ion collisions, the direction of impact parameter b is always random and along with the line between the centers of target and projectile. The so-called reaction plane is formed by b and the beam direction, which results in random distribution of reaction plane angle. Hence, the observables sensitive to reaction plane angle should be corrected to that. Participant plane is always considered as a reasonable approximation to reaction plane, and the participant plane angle Ψ n {P P } can be defined by [80] [81] [82] ,
where Ψ n {P P } is the nth-order participant plane angle, r part and φ part are radial coordinate and azimuthal angle of participants in the collision zone in the initial state, and the average · · · denotes density weighting. The system will be rotated to the participant plane direction in transverse plane.
In references [83, 84] , the azimuthal angle dependence of the HBT radii was investigated and the effects of geometric deformation and anisotropic flow were discussed therein. And in experiments, RHIC-STAR [85, 86] , RHIC-PHENIX [87] and CERN-ALICE [88] reported the measurements of π-π correlation relative to the second and third harmonic event plane, respectively. In this calculation we will focus on the azimuthal angle dependence of the HBT radii relative to the second-and third-order participant plane and investigate the initial geometry effect.
IV. RESULTS AND DISCUSSION
π ± meson, which is the most produced particle in relativistic heavy-ion collision, is taken for the HBT correlation calculation. The transverse momentum spectrum of pions was calculated and basically insensitive to the initial condition used (Woods-Saxon distribution, chain structure and triangle structure of 12 C), which was consistent with our previous work [22] that the multiplicity was not so dependent on the initial configuration. And then it will be an interesting question how the initial distribution affects the differential distribution of particles in momentum and coordinate space at the final stage of the collision. Next we focused on the HBT radii from Eqs. s (n=3) has a different behavior. With high K T bin, R 2 s (n=3) shows a peak at 0 as R 2 s (n=2), while it is reverse with low K T bin. Similar behavior was observed in a toy model simulation, and was explained by flow anisotropy dominated source [83] .
From the above results, it can be seen that the initial geometric distribution from the nuclear structure can be observed from the azimuthal angle dependence of the HBT radii relative to the second-and third-order participant plane. In order to quantitatively describe the anisotropy of the above HBT radii and discuss the effect from exotic nuclear structure, we perform a Fourier expansion in azimuthal angle for the HBT radii which can be found in references [79, 83, 84, 89] ,
where R 2 s(o),n is the so-called zeroth-, second-(n=2) and third-(n=3) order HBT radii respectively. Tables I and II show the fit parameters R 2 s(o),n at different hadronic rescattering time t hs for three initial 12 C configurations. The amplitude of R 2 s(o),0 takes the similar value for chain structure and triangle structure, while the amplitudes for Woods-Saxon distribution case is slightly smaller than the others. R 2 s,0 increases with the increase of t hs for all configurations of 12 C, while R 2 s,2 decreases. This t hs dependence of R 2 s,2 and R 2 s,0 reflects the approximate description of the eccentricity of the colliding system [83, 84] , as the final eccentricity ǫ f 2 ≈ 2R 2 s,2 /R 2 s,0 . It is noted that the dependence of the source eccentricity on the lifetime of the system has been investigated [90] . From the tables, it is obvious that ǫ f 2 for chain structure is larger than that for other cases, although the system undergoes hadronic rescattering. R 2 o,0 and |R 2 o,2 | more or less increase with the increase of t hs , while |R 2 o,2 | with high K T does not present an obvious t hs dependence. R 2 s,3 and |R 2 o,3 | for three configurations of 12 C also have an increasing tendency with t hs , and triangle structure always has the largest absolute value. Even though the thirdorder harmonic eccentricity coefficient ǫ f 3 cannot be obtained directly as ǫ f 2 ≈ 2R 2 s,2 /R 2 s,0 as discussed in reference [83] , the value of R 2 s(o),3 for triangle structure can still reflect the initial geometry effect on final state. Since chain (triangle) structure always has the largest second (third)-order oscillation, the ratio of the third-order to the second-order coefficient R 2 s(o),3 /R 2 s(o),2 can differentiate these three configurations as shown in Fig. 6 . And the effect of different configurations is clearer and more stable with high K T . For example, with high K T , R 2 o,3 /R 2 o,2 for Woods-Saxon distribution is always around 0.5. For chain structure, it is no more than 0.2 although finally it gets larger than the value at the beginning. For triangle structure, it is always larger than 0.6 and even up to 1. The reason may be that pions with high p T are more likely to come from the center of the source at earlier stage. Other results of |R 2 o(s),3 /R 2 o(s),2 | for the three cases also show a consistent order, which from large to small is triangle, Woods-Saxon, chain.
Furthermore, we investigated the eccentricity of the system at the initial stage, which is calculated by [80] ,
where r and φ are the polar coordinate positions in transverse plane of participant nucleons. Table III presents the final eccentricity estimated by 2R 2 s,2 /R 2 s,0 and the initial eccentricity for different configurations of 12 C. It is expected that the second-order eccentricity takes the largest value for chain structure and the third-order eccentricity is larger for triangle structure than that for other cases as |R 2 s(o),3 | listed in [20] [21] [22] [23] . Further, the system scan experiments around 12 C may provide the platform to examine if there are α clusters in the carbon nuclei and to distinguish the structure by comparing the HBT correlation and collective flow between 12 C+A collisions and other colliding systems. Configuration of 12 C is initialized as α-clustered triangle, α-clustered chain and Woods-Saxon distribution of nucleons, and then the 12 C + 197 Au central collisions at √ s N N = 200 GeV are simulated by the string melting AMPT model. The azimuthal dependences of the HBT radii relative to the second-and third-order participant plane from π-π correlation are presented with different hadronic rescattering time, showing the possibility as a probe of different initial geometries. For quantitative description of the oscillation of the HBT radii and the system eccentricity, the final eccentricity were estimated by the zeroth-and second-order HBT radii, and compared with the initial eccentricity. According to our calculations, the ratio of the third-order to the second-order HBT radii is quite sensitive to different configurations of 12 C. And we suggest performing azimuthally differential femtoscopy with high p T identical particles. From the results, the azimuthal angle dependence of the HBT radii relative to the second-and third-order participant plane can be taken as an effective probe to distinguish the exotic nuclear structure besides collective flow.
